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Multistage Zeeman deceleration was used to generate a slow, dense beam of translationally cold He,
molecules in the metastable a 3%} state. Precision measurements of the Rydberg spectrum of these molecules
at high values of the principal quantum number n have been carried out. The spin-rotational state selectivity
of the Zeeman-deceleration process was exploited to reduce the spectral congestion, minimize residual
Doppler shifts, resolve the Rydberg series around n = 200 and assign their fine structure. The ionization
energy of metastable He, and the lowest rotational interval of the X 2%;" (u+ = 0) ground state of “He, "
have been determined with unprecedented precision and accuracy by Rydberg-series extrapolation.
Comparison with ab initio predictions of the rotational energy level structure of *He,™ [W.-C. Tung,
M. Pavanello, and L. Adamowicz, J. Chem. Phys. 136, 104309 (2012)] enabled us to quantify the magnitude
of relativistic and quantum-electrodynamics contributions to the fundamental rotational interval of He, .
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Measurements of the level energies of molecules provide
information on their structure and dynamics as well as
reference data to test the results of quantum chemical
calculations [1,2]. In recent years, molecular spectroscopy
has reached the level of precision at which such measure-
ments can play a role in the context of fundamental tests
of the standard model of particle physics and extensions
thereof [3.4]. Spectroscopic measurements in the polar
diatomic molecules YbF [5] and ThO [6] are currently used
to determine an upper bound for a possible dipole moment
of the electron. Attempts at measuring the energy differ-
ence between “identical” levels of the enantiomers of a
chiral molecule have the potential to yield values of the
Weinberg parameter sin’@®,, at low energies [4]. Repeated
measurements of molecular transition frequencies might
help detecting possible variations of fundamental constants
[7,8]. Precision spectroscopy in few-electron molecules
is used to validate calculated quantum-electrodynamics
(QED) corrections [9-13], to place constraints on the
strength and range of possible forces beyond the known
forces [14], and to probe space-time geometry at the length
scale of molecular bonds (typically 1 A) [15].

To fully exploit the results of these measurements,
comparison with theoretical predictions is essential.
Precision measurements of the spectra of few-electron
molecules play an important role in this context. For such
molecules, the level energies can be calculated with excep-
tional accuracy [9-13]. One can anticipate that, in the
coming years, the calculation of molecular level energies
will provide reliable reference data to test fundamental
physical laws by comparison with experimental data. In
H,™ and HD™, the reported precision of the theoretical
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predictions has reached the level of 2 kHz [13]. In H,, HD,
and D,, the reported uncertainties of the calculated
molecular energies are less than 30 MHz and the calculated
and experimental results agree within this uncertainty
[11,12,16,17]. The best calculations of the rovibrational
levels of He,* [18] have an accuracy of about 120 MHz,
sufficient to reproduce the energy-level structure measured
experimentally so far [19-21], although they do not include
relativistic and radiative corrections.

Unfortunately, few-electron molecules are among the
most difficult to study by high-resolution spectroscopy,
and experimental data on their energy-level structures are
scarce. H,(*), D,(*), 3He,(*), and *He, ™) do not possess
a permanent electric-dipole moment and therefore do not
have pure rotational and vibrational spectra. Spectroscopic
data on the cations of molecular hydrogen and molecular
helium in the literature include (i) pure rotational and
vibrational transitions of HD% [22,23] and 3He*He™
[19,20], (i1) microwave electronic transitions between high
vibrational levels of the ground electronic state and the
lowest vibrational levels of the first electronically excited
state of both H," [24] and He,™ [25], (iii) transitions
between fine- and hyperfine-structure components of the
vt =4-8, N* =0 and 1 rotational levels of the ground
state of H,™ [26,27], (iv) the rovibrational energy-level
structure of H, ™ extracted from the Rydberg spectrum of
H, [28], (v) the hyperfine structures of the ground state of
ortho H,* [29,30] and para D, [31] and the fundamental
rotational interval of ortho H,™ [32] and para H,™ [33]
determined by Rydberg-series extrapolation methods.

The only experimental data available on the low-lying
rovibrational levels of “He,™ have been obtained by
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FIG. 1 (color online). (a) Energy-level diagram showing the
rotational levels of Hej and the triplet np Rydberg states of
He, that converge to the lowest rotational levels of He, ™. The
positions of pure rotational levels of the metastable state are
marked by dashed horizontal lines. The spin-rotation fine
structure is exaggerated for clarity. Arrows indicate optically
allowed transitions. Rapidly autoionizing levels are drawn in
blue. (b) Zeeman effect of the N” = 1 and 3 rotational levels of
Hej. The low-field-seeking magnetic sublevels used for Zeeman
deceleration are shown in red.

photoelectron spectroscopy [34] and from the Rydberg
spectrum of He, using MQDT [21,34-36], but the accuracy
of these measurements did not reach the level at which
relativistic and QED corrections can be inferred.

We report here on a determination of the lowest rota-
tional interval of “He,"* in the X* 2% (v = 0) ground
state from high-resolution measurements of the Rydberg
spectrum of a slow beam of metastable “He, (a X,
referred to as He3 below) and Rydberg-series extrapolation
by MQDT [37]. Zeeman deceleration of the molecular
beam to velocities of 120 m/s minimized Doppler shifts.
Moreover, the elimination of high-field-seeking spin-
rotational levels of metastable He, in the deceleration
process simplified the Rydberg spectrum, facilitated its
assignment, and made it possible to observe Rydberg series
at principal quantum numbers n as high as 200.

The principle of the determination is illustrated in
Fig. 1(a), which displays the energy-level structure of the
N" = 1 and 3 rotational levels of He} and of the np Rydberg
series converging on the N* = 1 and 3 rotational levels of
He, ™. Only levels with odd N” and N™ values are allowed

by the generalized Pauli principle in “He,* and “He,*
(X*2%F). The spin-rotation interaction splits the N” = 1
and 3 levels into three components (J” = N”, N” + 1) with
characteristic spacings measured in earlier work [38,39]. The
pure rotational energies correspond to the centers of gravity
of the respective fine-structure components and are indicated
by dashed lines in Fig. 1(a). Neglecting the spin-rotation
splittings of the Rydberg levels and ionic states, which are
not observable at our resolution, the Rydberg series can be
unambiguously labeled as N/, — npN;,, where N, N7,
and N represent the quantum numbers associated with the
total angular momentum excluding spin of He}, He;, and
the Rydberg states of He,, respectively.

The procedure consists of determining the convergence
limits 715 of the 3, 4 — npl, series and 33 of the 3, 4 —
np3; series by extrapolation and taking their difference,
which corresponds to the interval 75, between the N* = 1
and N* = 3 rotational levels of the ion. Alternatively, this
interval can be determined from the convergence limits
vy of the 15, — nply, series and v33 of the 3,4 — np3;
series in combination with the interval 7%, between the
N" =1 and N” =3 rotational levels of Hej using the
relation Iy = 1§, + 33 — Uy In this case, 7§, can be either
determined by taking the differences between the transition
wave numbers from N” = 1 and N” = 3 rotational levels
to any member of the npl, series or from the rotational
Hamiltonian and molecular constants reported in Ref. [39].

Taking into account the spin-rotation splittings of the
N” =1 and 3 levels, 21 series, indicated by arrows in
Fig. 1(a), are optically allowed, which leads to complex
spectra below the N =1 Iionization threshold.
Fortunately, only molecules in fine-structure levels having
a positive Zeeman shift [see red lines in Fig. 1(b)] are
transmitted by the Zeeman decelerator, which reduces the
number of series (see below). Further simplification of
the spectra can be achieved by collecting prompt ions and
ions produced by delayed pulsed-field ionization (PFI) in
separate detection channels. The np3, series, which under-
goes rapid autoionization above the Nt = 1 threshold, is
strongly broadened and is not observed in our spectra.
The np35 series autoionizes on the nanosecond time scale
at n~ 100 [21] and is observed both in the prompt-ion
signal and by PFIL. The np3, and np1,_, Rydberg states are
longer lived and are observed only in the PFI spectra.

Figure 2 shows a schematic view of the experimental
setup. A supersonic beam of Hej is produced in an electric
discharge through an expansion of pure helium gas [34].
Cooling the valve housing to temperatures of 77 and 10 K
results in supersonic beams with velocities of roughly 1000
and 500 m/s, respectively [40]. After the molecules pass a
skimmer, they can be decelerated from 500 to 100 m/s
using a 55-coil multistage Zeeman decelerator [40,41].
Subsequently, the beam enters an excitation and detection
chamber, where it crosses at right angles the doubled output
of a pulse-amplified cw ring dye laser [42] that is calibrated
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FIG. 2 (color online). Schematic view of the laser system, the
Zeeman decelerator, and the magnetically shielded photoexcita-
tion region. YAG, yttrium aluminium garnet; WM, wave meter;
SMEF, single mode fiber; BBO, beta barium borate crystal;
MCP, microchannel plate.

with a wave meter (HighFinesse WS7, 60 MHz 36 absolute
uncertainty) and by recording the laser-induced-fluorescence
spectrum of I,. The excitation region is surrounded by a
cylindrically symmetric stack of electrodes for the applica-
tion of ionization and extraction fields. During laser exci-
tation, a dc electric field is applied to the stack to reduce stray
fields below 1 mV/cm, as determined from the measured
Stark shifts. To suppress stray magnetic fields, the current in
the last decelerator coil is switched off 0.5 ms prior to laser
excitation and two concentric mu-metal shields are used.
Delayed PFI is employed to detect the Rydberg states. To
distinguish between ions produced by PFI and the prompt
ions produced by direct ionization or rapid autoionization, a
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FIG. 3. Upper panel: Rydberg spectrum of the 1 — nply,

series of He, with n & 120-200. Lower panel: Comparison of the
experimental spectrum (dots) with a spectrum reconstructed from
the sum (bold line) of the individual contributions associated with
the np1, (solid line), np1, (dotted line), and nf1, (dashed line)
series.

TABLE 1. Observed transitions from the a’%} (V" =0,
N" = 3) state of “He, to the npl, and np3; Rydberg states
belonging to series converging to the XT?Xf (v =0,
N7T =1,3) states of *He,™ and comparison with the results of
MQDT calculations. All values are given in cm™!. The uncer-
tainties indicated for the series limits corresponds to the standard
deviations resulting from the fit and does not include systematic
uncertainties (see text for details). Missing entries correspond to
blended lines which could not be accurately fitted.

3-npl, 3 - np3;
n Uobs obs. — calc. 7 obs. — calc.
97  34213.748 86 0.00017 34284.65092 —0.00010
98 34284.88850  0.00017
99  34214.208 36 0.00050 34285.11883  0.000 35
100 3421442712 -0.00064 3428534180  0.00004
101 34214.64123 —-0.00011 34285.55861  0.000 18
102 34214.848 81 0.00008 34285.76919  0.00043
103 34215.05024 0.00016 34285.97326  0.00028
104 3421524573 0.00021 34286.17132 —0.00002
105 3421543550 0.00035 34286.36407  0.00002
106 34215.61934 0.00030 34286.55146  0.000 12
107 34286.73320 —0.00018
108 34286.90993 —0.00047
109 34216.13527 —-0.00002 34287.08215 -0.00041
110 3421629393 —-0.00025 34287.24973 —0.00032
111 3421644442 —-0.00050 34287.41291 —0.00011
112 34216.58654 —0.00033
oo 34225.39234(10) 34 296.330 37(7)

small electric field of —0.7 V/cm is applied to the stack
shortly after photoexcitation. This discrimination pulse also
leads to the field ionization of Rydberg states with n = 200,
which thus contribute to the prompt-ion signal.

The spectrum of the 15, — nply_, series in the range
n =~ 120-200, is displayed in the upper panel of Fig. 3.
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FIG. 4 (color online). Comparison between spectra obtained
from nondecelerated (1000 m/s) and decelerated (120 m/s) Hej
samples. See text for details.
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TABLE II. Ionization thresholds of the a3Z}(v” = 0,N” = 1,3) states of He, and fundamental rotational
intervals of He} (7/;) and He, © (27;). All values are given in cm™'.
Ref. [39] Ref. [21] This work Ref. [18]
(FTIR) (MQDT fit) (MQDT fit) (ab initio)
Uy 34 301.211(10) 34301.20585(10) + 0.0014syS
713 34225.39234(10) + 0.0014,y,
Us3 34296.33037(7) 4 0.0014y,
U3 75.8129(3)* 75.8137(4)
74 70.937(3) 70.9380(6) 70.936(4)°

*Value determined from the rotational Hamiltonian and the molecular constants reported by Focsa et al. [39].
The quoted uncertainty represents the estimated uncertainty resulting from the neglect of nonadiabatic, relativistic,

and QED corrections (see Tung et al. [18] for details).

The strongest lines are assigned to the N =1and N =2
orbital fine-structure components, and slightly broader
features are attributed to transitions to nf1, Rydberg
states. Although the npl; series is regular, the levels
belonging to the npl, series are perturbed by a rotational
channel interaction with the 38p3, level, which slowly
modulates the intervals between adjacent members of the
series. The lower panel of Fig. 3 shows an enlarged part of
the spectrum that demonstrates how the line positions
were determined. To account for the triplet structure of
the initial states, three Gaussian profiles are fitted to the
observed line shapes. The distance between the three line
centers is fixed to the known fine-structure intervals [38],
and the relative intensities are determined by the degen-
eracy factors 2J” 4 1. All transitions are fitted simulta-
neously because the fine-structure components partially
overlap. Transitions to Rydberg states in the range
n = 95-115 were used for the extrapolation because these
states are low enough not to be significantly affected by
Stark shifts but high enough for the uncertainties in the
quantum-defect parameters from Ref. [21] to have a
negligible effect on the extrapolation results. The centers
of gravity of the transitions that were used in our analysis
are listed in Table I.

Figure 4 displays spectra of nondecelerated (1000 m/s)
and decelerated (120 m/s) molecule samples in the region
of the overlapping the 1y, - 93 —96ply, and 3, 4 —
119 — 125p35 4 series. A comparison of these spectra
reveals that (i) the spectrum of the decelerated sample is
less congested, and (ii) the positions and widths of the lines
common to both spectra are identical within experimental
accuracy. The first observation is a consequence of the
spin-rotational state selectivity of the deceleration process,
which alters the relative intensities of the fine-structure
components in such a way that the J” = 1 component is
completely rejected from the beam and the J” = 0 com-
ponent carries approximately twice the spectral intensity
of the J” =2 component [43]. The second observation
implies that no residual Doppler shifts persist within the
statistical uncertainty of the measurements. Under our
experimental conditions, the experimental resolution is
limited by the bandwidth (170 MHz) of the laser.

The interval between the N* = 1 and 3 rotational levels
of the ground state of “He, 70.93803(60) cm™! (2.126
668(18) THz (see Tables I and II)), was determined as the
difference between the limits r33 of the 3 — np3; series
(34296.33037 £ 0.00007 i & 0.0014) and 73 of the
3 = npl, series (34225.39234 4-0.000104, £ 0.0014),
which were obtained in a least-squares fit based on the
MQDT model and parameters reported in Ref. [21]. The
largest part of the 1.4 x 1073 cm™! (42 MHz) uncertainties
in the series limits, which arise from (i) the calibration of
the UV wave number (40 MHz, limited by the absolute
accuracy of the wave meter and the I, laser-induced-
fluorescence spectra), (ii) possible Stark and Zeeman shifts
resulting from residual electric and magnetic fields
(10 and 1 MHz, respectively), (iii) ac-Stark shifts (2 MHz),
(iv) Doppler shifts (5 MHz), and (v) pressure shifts
(1 MHz), cancels out when forming their difference to
extract the rotational interval. A fully consistent result was
obtained from the 1 — npl; series limit in combination
with the interval 7, between the N =1 and N” =3
rotational levels of He3, which was determined to be
75.8137(4) cm™! from the evaluation of 13 combination
differences. The main results of the analysis are summa-
rized in Table II.

The experimental uncertainty of 6 x 10~ cm™' (18 MHz)
in the fundamental rotational interval of “Hej is much less
than the estimated uncertainty ~4 x 1073 cm™' of the most
recent and precise theoretical value [18]. Our value thus
offers the possibility to test future ab initio calculations of
the nonadiabatic, relativistic, and radiative corrections to
the energy-level structure of this fundamental three-electron
molecular ion.
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